An experimental investigation of a tip vortex from a NACA0012 airfoil is conducted in a low-speed wind tunnel at a chord Reynolds number of 4x10 4 . Initially, data for a stationary airfoil held at various angles-ofattack () are gathered. Detailed surveys are done for two cases: =10 with attached flow and =25 with massive flow separation on the upper surface. Distributions of various properties are obtained using hot-wire anemometry. Data include mean velocity, streamwise vorticity and turbulent stresses at various streamwise locations. For all cases, the vortex core is seen to involve a mean velocity deficit. The deficit apparently traces to the airfoil wake, part of which gets wrapped by the tip vortex. At small , the vortex is laminar within the measurement domain. The strength of the vortex increases with increasing  but undergoes a sudden drop around 16. The drop in peak vorticity level is accompanied by transition and a sharp rise in turbulence within the core. Data are also acquired with the airfoil pitched sinusoidally. All oscillation cases pertain to a mean =15 while the amplitude and frequency are varied. An example of phase-averaged data for an amplitude of ±10 and a reduced frequency of k=0.2 is discussed. All results are compared with available data from the literature shedding further light on the complex dynamics of the tip vortex.
Introduction
The characteristics of a tip vortex pertain to a wide variety of applications. They are of concern in tip clearance losses in turbomachinary, noise from rotorcraft and submarine propellers, safety and efficiency in aircraft traffic control as well as performance of all lifting vehicles. A strong tip vortex translates to losses in performance and therefore a reduction in its strength is sought through design considerations as well as flow control. There is a need for a deeper fundamental understanding of the associated fluid dynamics. Across various disciplines, designers stand to benefit from a better understanding of phenomena such as the formation and merger of vortex systems from the pressure and suction sides of a lifting surface, migration of velocity deficit and turbulence from the wake of the lifting body affecting subsequent behavior of the tip vortex, mean velocity deficit or excess within the vortex core as well as its life-span and stability characteristics. Flow control efforts aiming to weaken tip vortex strength can also benefit from a better understanding of the flow dynamics.
Dreyer et al. [1] qualitatively explored the effect of tip leakage vortices on cavitation erosion issues relevant to turbines. For low speed flows, they incrementally decreased the gap size between the 'runner' and the 'discharge ring' until the vortex intensity reached a maximum followed by a sharp decrease. Tip clearance gap size, dictating the tip vortex strength, was also identified to be a critical parameter in cooling strategies in high pressure turbines [2] ; a numerical study of flow and heat transfer in axial turbines is given in [3] . Casalino et. al. [4] studied tip vortex roll-up and its impact on airframe noise. Their analysis revealed a connection between the far-field noise and the kinematics of the two vortices generated from the lower and upper edges of the wing tip. For an aircraft, the tip vortex is responsible for induced drag and increased noise. It also dictates the safe distance needed between aircrafts in air traffic control [5] . Various flow control studies have also been carried out in order to reduce the strength of the tip vortex [2, 6] .
Despite the progress achieved so far, many of the cited studies made an appeal for the need of further fundamental studies of a tip vortex. In [5] , outlook for prediction as related to air traffic control is summed as, "distinct improvements in our ability to predict the motion and persistence of trailing vortices are needed before analysis is widely of value…" In connection with noise generation, authors of [4] commented, "…the role of turbulent fluctuations…and their ingestion by, and roll up into, the tip vortices needs to be investigated in more detail". Similar comments are made in [7] in connection with tip vortex dynamics in wind turbines and rotorcrafts, as well as in [6] in connection with flow control. The present work is motivated by such calls. While more complex flow configurations are contemplated for the future, at first a simple experiment is carried out utilizing existing hardware and facilities to study the tip vortex characteristics from a rectangular airfoil section. First, a parametric study is performed while the angle of attack is varied statically.
In many applications, especially with rotorcraft and some situations with turbomachinery, the effective angle-of-attack varies within the rotation cycle. This is likely to affect the tip vortex dynamics. Such effects have been explored only in a few past experiments, as cited in the following. Thus, the present study with the simple setup is extended to explore dynamic effects on the tip vortex by periodically oscillating the airfoil in pitch. Data are acquired with the airfoil oscillated about a mean angle-of-attack of = 15 while varying the frequency and the amplitude.
A body of fundamental studies of tip vortices from rectangular wing sections (static) exists in the literature (e.g., [8] [9] [10] [11] ). A few of these are briefly reviewed here. A NACA0012 section (0.203m chord) with square tip (not rounded) was used by Devenport et. al. [8] . A four sensor hot-wire probe was used to acquire the data at Re=5.3x10 5 . The downstream evolution of the flow was studied over 5<x/c<30; (cited x-locations are converted to current convention with origin located at one-quarter chord from the leading edge). Streamwise vorticity ( X ) as well as turbulent spectra data were discussed. The issue of probe interference as well as spatial 'wandering' of the vortex was addressed and both effects were inferred not to be significant within their measurement domain. Chow et. al. [9] made detailed measurements for a NACA0012 half wing section with rounded tip (1.22m chord x 0.91m span) at Re= 4.6x10 6 . Data were acquired by a seven-hole pressure probe as well as a triple-wire hot-wire probe. The emphasis was around the tip region and the measurement domain extended downstream up to x/c=1.43. Distributions of cross-flow velocity (V 2 +W 2 ) 1/2 and axial velocity U were presented to study the initial formation of the tip vortex. Ramaprian and Zheng [10] did similar measurements over the x/c range of 1.08-4.08, for Re = 1.8x10 5 . They used laser-doppler velocimetry and provided U as well as  X data. Birch et. al. [11] carried out measurements with a NACA0015 as well as a cambered airfoil; both had square tips. Their measurements at Re= 2x10 5 were carried out by a seven-hole probe and distributions of U as well as  X were discussed. The authors of both references [10] and [11] followed up with experiments where the airfoil was oscillated periodically in pitch [12, 13] . Some of these data will be invoked and compared with during discussion of the present results.
Experimental Procedure
The experiment is carried out in an open-loop, low-speed wind tunnel. The test section is 50 cm high x 76 cm wide and the 16:1 contraction ratio inlet has 5 flow conditioning screens. The flow is driven by an axial fan located on the downstream end. The airfoil used has a NACA0012 profile with 7.62 cm chord and 25.4 cm span; it has a square tip with sharp edges. A picture of the wind tunnel test section is shown in Fig. 1(a) . The tunnel velocity, U ∞ = 8 m/s, corresponds to a chord Reynolds number (Re) of 4x10 4 . (Relative to many applications this Re, dictated by facility constraints, is low; however, Re may have only a minor influence at large angles-of-attack () when flow separation occurs from near the leading edge. Furthermore, the low Re flow may offer some advantage if the results are used for validation of unsteady numerical simulations). The airfoil is supported from one wall while its other end stands free in the test section. A 0.635 cm cylindrical rod attached to the airfoil passes through the wind tunnel wall and is supported outside by two bearings spaced 10 cm apart. The other end of the rod is attached to the oscillation (pitching) mechanism via a coupling ( Fig. 1b ; [14] ). The data are first gathered for the airfoil held stationary at various  up to 35 degrees. Detailed field properties are acquired for = 10 and 25.
Two crossed hot-wires, one in u-v and the other in u-w configuration and spaced 1.12 cm in z (Fig. 1c) , are used to obtain all three components of mean velocity and various turbulent stresses. The data from the u-w probe are appropriately shifted to coincide with grid points covered by the u-v probe. Probe traversing mechanisms, with 0.025 mm resolution, are used under automated computer control. Gradients of the transverse mean velocities provide streamwise vorticity ( X ). For all data sets, the hot-wire calibration was checked at a fixed location in the freestream. The measured U values there were typically within 2% of U ∞ .
Those measured values of U from the two probes were later used to normalize the respective data from each probe. The value of U ∞ was monitored by a fixed Pitot-static probe with each data point during the surveys. Root-mean-square deviation of U ∞ (with respect to mean) is within 0.25% for all data sets presented. Standard PC based National Instruments data system is used for data acquisition. Most of the data are based on 5 second averaging. Typical surveys on a cross-sectional plane at a fixed x took about an hour. Flow visualization is accomplished by introducing a tube of smoke (approximately 15 cm diameter) from near the inlet of the tunnel and passed over the tip of the airfoil. The flowfield was illuminated by a lasersheet. In another set of runs, global lighting was used in addition to the laser-sheet in order to obtain a global view of the flowfield associated with the tip vortex. (It is instructive to note that the smoke had to be cool with an approximate temperature the same as ambient. Initially, a generator was used that produced warm smoke with a temperature of about 50C. It resulted in a spurious 'mushroom' shaped vortical structure induced by buoyancy effects that was accentuated by the contraction section. This completely obscured the tip vortex from the airfoil.) Figure 2 shows flow visualization pictures of the tip vortex, obtained by a laser-sheet passing perpendicular to the flow at approximately x=3.2. The airfoil is held fixed at various angles-of-attack and the view is from upstream at an angle to the x-axis; (the camera and a small laser with optics in front, all located outside of the test section, can be seen in Fig. 1a ). The tip vortex with clockwise rotation is evident at all values of. The vortex is laminar at small  but in the range 15-20 it appears to transition to turbulence. Also, with increasing , at first it appears to gain strength becoming the strongest around 10 but gets diffused after transition at larger values of . At = 35 it is barely identifiable from the flow visualization pictures.
Results

Measurement grid sensitivity:
Detailed hot-wire surveys were conducted for various  at x=3.2 and for limited  at various x. First, a study was conducted for measurement grid sensitivity (spatial resolution). Figure 3 (a) shows contours of mean velocity (U) and streamwise vorticity ( X ) for = 25 while the grid size (same in y and z) was varied. The measurement domain was chosen after preliminary surveys to capture the core of the vortex. Note that a mean velocity deficit occurs in the core. As expected, the magnitude of the velocity deficit (i.e., U-minimum within the vortex core, denoted in the following as U core ) and the peak in streamwise vorticity (denoted in the following as  X -peak) become less accentuated with increasing grid size. This is shown in the graph in Fig. 3 (b) from a set of similar measurements. It can be seen that with decreasing grid size the amplitudes of U core and  X -peak level out. Thus, for the case under consideration, a grid size of about 0.05 was considered adequate.
Similar data for = 10 at x=3.2 are shown in Fig. 4 . For this case the flow over the airfoil is likely attached (see further discussion shortly), and thus the tip vortex is tighter in radius; note the difference in scale between Figs. 3(a) and 4(a). Thus, the 10 case required finer spatial resolution in the measurements. The data in Fig. 4 (b) suggest that a grid size of at least 0.02 may be required to resolve the flow. However, the mean velocity profiles through the vortex core, shown in Fig. 5 , demonstrate that the said grid size is adequate and further reduction in grid size does not resolve the flow any better. The smallest grid in Fig. 5 is somewhat less than the probe volume (spacing of the sensors in a given X-probe) and thus represents the best that can be done with the X-wire technique. Note that with a small grid size the acquisition time in the surveys become prohibitively large. With a fine resolution and 5 sec averages, it would take several hours to complete a survey for the full domain. This was not practical not only because of time considerations but also because of possible calibration drifts. Therefore, the following was done for the results presented in the paper. Data for the contour plots covering the full domain were acquired with coarse grids. Thus, the peak levels within the core in many of the contour plots are underestimates; however, the distributions outside the core are well represented. For properties in the cores (shown by the line plots in subsequent figures), separate runs were made with finest grid size as necessary but covering only a small area around the core. The full field contour plots were used as guides to home in to the core for the latter surveys. Note furthermore that the surveys in Figs. 3-5 pertain to x=3.2 and farther upstream one might expect the need for even better resolution. However, data from the literature (e.g., Fig. 5b of [11] ; see also, [9] ) as well as the current data suggest that the vortex core size does not change significantly within the streamwise distance covered in the present experiment. At = 25 there is massive flow separation and the wake is large; thus, spatial resolution requirement is not as stringent. However, close to the airfoil trailing edge (e.g., at x=0.8) there are hot-wire errors due to large turbulence. The contour plots are shown nonetheless to provide an idea about the overall extent of the shear layers; actual magnitudes of, say, U (blue inner regions in the contours) are likely to be lower and these plots should be considered qualitative.
Static airfoil results:
At low Reynolds numbers, the flow over the suction surface may undergo laminar separation even at small angles-of-attack. For = 10 this was investigated by acquiring velocity profiles just downstream of the airfoil's trailing edge (TE). These measurements were done away from the tip (z=1.0) and is expected to represent the state of the 2-D flow over most of the airfoil span. The data, shown in Fig. 6 , indicate that there is massive laminar separation around U ∞ =5 m/s; however, the wake has shrunk at U ∞ = 7.4 m/s and further increase in U ∞ makes only small changes. Thus, at the operating speed of U ∞ = 8.0 m/s the flow on the upper surface is also expected to be attached and free of significant laminar separation.
The y-profiles at z=1.0 were acquired at several x stations downstream of the TE. The distribution of U, u' and V are shown in Fig. 7 (a) as contour plots, for = 10. It can be see that the wake is narrow; the center of the wake shifts from y=-0.135 to -0.195 over the x-range covered. Turbulence intensity is high just downstream of the TE but decreases by the end of the x-range. The transverse velocity (V) is relatively small and it is negative in most of the domain. Corresponding data for = 25 are shown in Fig. 7(b) . There is massive flow separation here and the wake is much wider. Turbulence intensity is very high on the lower part of the wake (negative y). The V component has large positive and negative values on the lower and the upper parts of the wake, respectively.
A motivation for the present experiment was to provide a dataset for validation of possible numerical simulation efforts. To that end, in order to provide a description of the flow field in the initial region, a few surveys were conducted around the tip of the airfoil. Figure 8 shows data taken on a horizontal (x-z) plane just over the airfoil LE (plane A in the schematic of Fig. 1d ). Data for = 10 taken at y=0.12 are shown in Fig. 8(a) . Apart from U and u', both orthogonal mean velocity components (V and W) are also shown. In the measurement plane, for the attached flow with = 10, turbulence is low. Upstream over the airfoil (negative Comparison of U and  X data shows that the core of the vortex is associated with a velocity deficit at all values of . Thus, the tip vortex core is seen to involve a 'wake-like' profile in the present case. Note that at smaller , there are regions of excess velocity at upper and lower edges of the vortex core. These trends are discussed further in the following.
The vortex core region was probed with fine probe resolution. Based on such measurements,  X -peak and U core values are shown in Fig. 11(a) as a function of . It can be seen that  X -peak at first increases with increasing , reaches a maximum around =10, stays about the same for a range, and then abruptly drops around 16°. The initial increase in  X -peak is expected as lift increases with . The tip vortex strength follows lift produced by the airfoil. The drop-off around 16° is likely to be due to the onset of stall with sudden decrease in lift; this is also tied to transition of the vortex core to turbulence. The value of U core exhibits an initial drop then stays about the same (0.7-0.8) until dropping off at the onset of stall (around =16). The velocity deficit in the core attains as low a value as U core = 0.37U ∞ just after stall but then increases somewhat with further increase in . Peak turbulence intensity in the vicinity of the vortex core is shown separately in Fig. 11(b) . The most conspicuous feature is the rapid rise in the intensity around =16. The level reaches a maximum of 0.22U ∞ but then gradually drops off with further increase in .
The value of  X -peak of about 23 at =10 (Fig. 11a ) compares reasonably well with that (about 26) reported in [11] for a NACA0015 wing at same incidence (their Fig. 5d) . Comparable values were also reported in [10] for a NACA0012 airfoil at =10 (their Fig. 3 ). Similar data presented in [8] (their Fig. 8c ) appears to indicate a much lower value for  X -peak. While detailed surveys were conducted in the work of [9] , unfortunately,  X data were not presented. It is interesting that in [11] significantly higher  X -peak value (about 40) was reported with a different (cambered) airfoil. These comparisons suggest that the peak vorticity may be sensitive to detailed geometry of the airfoil tip and its overall lift characteristics. Similar comparisons of the velocity deficit in the core (U core ) are discussed in the following.
The streamwise evolution of the flowfield for =10 is presented in Fig. 12 . U, u' and  X data are shown similarly as in Fig. 10 , for five x-stations. As noted before, comparison of U-and  X -distributions shows that there are regions of high U both above and below the vortex core at all stations. However, the core location is marked by a region of low U. At the upstream-most location it can be seen that the velocity deficit in the core is connected with the region of velocity defect from the wake of the airfoil; (the latter is seen as the band of horizontal contours in blue). Further downstream, the vortex core moves to the right (inboard) while the wake of the airfoil recedes farther inboard. The turbulence intensity in the core is relatively high at locations close to the airfoil (x=0.8) but has diminished substantially farther downstream. The high intensity up close to the TE also appears to be due to ingestion of airfoil wake fluid into the core of the tip vortex.
Similar data for =25 are shown in Fig. 13 . At x=0. 8 , the vortex appears ill-defined. However, by x=1.6 the tip vortex has taken clear shape. At this , peak vorticity is much smaller while turbulence intensity is much larger, relative to the =10 case. Overall, the  X distribution has an oblong shape that gently rotates clockwise with increasing downstream distance. The U-distribution exhibits a similar overall trend as described for the =10° case. From the two sets of data shown in Figs 12 and 13 , it is apparent that the velocity deficit region within the vortex core has its origin in the wake from the airfoil. Part of the wake is pulled off and gets wrapped into the vortex core. The deficit persists at the farthest downstream location covered in the experiment.
The variations of  X -peak and U core with x for =10° and 25° are shown in Figs. 14(a) and (b), respectively, in a similar manner as in Fig. 11(a) . For =10°,  X -peak initially increases reaching a maximum around x=1.75 and then decreases with farther increase in x. This trend is somewhat different from that reported in [11] where the level practically remained a constant over the x-range covered (see earlier discussion of Fig.   11 ). The trend of U core is not well-defined but it generally follows that of the  X -peak. At =25° (Fig. 14b), on the other hand, a clear trend has emerged for U core . As the separated flow from the wake of the airfoil is ingested within the vortex, U core is very low initially. Farther downstream it increases and levels off at a value of about 0.6. The amplitude of  X -peak for this case is seen to be roughly five times lower compared to that for the =10° case, and stays within the range of 4.5-5.5.
The axial flow (U-distribution) within the tip vortex has a "rich behavior"; quoting from [5] in connection with review of airplane wing tip vortex data, "it has surprised many of us that the velocity relative to the atmosphere may be directed towards the airplane but also away from it". For =10°, Chow et al. [9] reported a large excess velocity, up to 1.77U ∞ . On the other hand, a velocity deficit is reported in [10] (0.68-0.78U ∞ ; their Fig. 2) . In [11] a velocity excess is reported for the cambered airfoil (1.1-1.3U ∞ ) but just about 1.0U ∞ for the NACA0015 airfoil (their Fig. 5e) . A velocity deficit is also reported in [8] (their Fig. 20) . Thus, it appears to be an issue researchers have hardly agreed on. Clearly, the airfoil geometry and operating conditions must play a role. In the present case at the low Re and for the NACA0012 airfoil with square tip, the core is always seen to involve a velocity deficit. Tracing the evolution of the core, it is apparent that the deficit has its origin in the wake from the airfoil. Part of the wake is ingested by the tip vortex that manifests as the deficit. After an initial decay in magnitude, it persists practically unabated as far downstream as covered in the experiment.
The excess velocities (U>1) seen above and below the vortex core for the =10° case (Fig. 12) seem to have their origin in the flow from near the leading edge. Past the stagnation point the flow accelerates as it passes over the LE. Thus, there is a region over the LE where U>1; (a classic example is shocks over the wing even when an airplane flies subsonically). Similarly, there is also a region of excess U underneath the LE even though its magnitude is not as high as seen over the LE. It is apparent that these high velocity regions persist downstream and manifest as the regions of excess U above and below the tip vortex core. A similar effect also occurs at =25°, however, the flow acceleration around the LE is diminished due to massive separation.
Regions of higher velocities can indeed be detected in Fig. 13 especially above the tip vortex even though the magnitudes are barely above unity.
The trajectories of the vortex core for =10° and 25° are documented in Fig. 15 . The core location data on xz and x-y planes are shown in (a) and (b), respectively. The movement of the core for =25° is more pronounced. With increasing x, the core moves inboard (positive z) and downward (negative y). A similar movement is also noted for =10° albeit the magnitudes are smaller. Similar data could be found in [10] . At =10° and with increasing x, an inboard movement of the core in z was reported. However, there was a clear "rise" in y (their Fig. 5) ; the magnitudes were also relatively large compared to the present =10° data. Once again, reasons for the different behavior in the y-direction remain from being clear but are likely due to differences in geometric and operating conditions.
Oscillating airfoil results:
Limited data were acquired with the airfoil pitched sinusoidally about the zaxis with a mean =15. Nondimensional oscillation frequencies (k=fc/U ∞ ) of 0.08, 0.165, 0.2 and 0.33 were covered. Dynamic stall from a 2-D flow (airfoil spanning the entire width of the test section) was studied before for comparable range of k in the same facility [14] . The highest k with the given U ∞ (8 m/s) corresponded to a physical frequency of 10.2 Hz. This was the limit beyond which structural issues might become a concern. Amplitudes of ±2.5, ±5, ±10 and ±15 were covered. For brevity, data only for an example of the cases is presented in the following. Figure 16 shows flow visualization pictures from a movie sequence for oscillation at k=0.2 (6.5 Hz;  =15±10). The pictures correspond to certain values of  as indicated, the arrows denoting the direction of motion. The frames are chosen such that there are pairs at same  but with opposite direction of motion. The framing rate was 500/sec and the laser-sheet location is at x=3.2. Additional flood lighting is used in order to obtain a global view. The pitching motion of the airfoil with varying frames can be seen and the laser-sheet illuminated cross-section bears resemblance to the stationary airfoil data shown in Fig. 2 . In some of the pictures (especially at large ) a twisting motion of the flow from the upper and lower surfaces of the airfoil can be detected. Bands of smoke twist clockwise with increasing downstream distance consistent with the sense of the tip vortex. Comparison of the pictures at same  but different direction of motion reveals that the tip vortex is somewhat more organized during the pitch-up motion ( decreasing) compared to the pitchdown ( increasing) case. This is discussed further in the following.
For same conditions of Fig. 16 (k=0.2 and  =15±10) , phase-averaged velocity and vorticity data are shown in Figs. 17 and 18 , respectively. As with the flow visualization these data are also shown over a complete period; pairs of plots are chosen at given  with opposite directions of motion, as indicated.
Comparing these with corresponding data for stationary airfoil (Fig. 10) , some dynamic effects are evident. As noted with the flow visualization data, there is a difference at same angle but with different direction of motion. The vortex structure is seen to be better organized during pitch-up. Compare for example, the distributions at 16.7° and 16.7° cases; the vortex structure is faint and almost unrecognizable in the latter case. This difference obviously traces to the flow over the airfoil which can be quite different between pitchup and pitch-down states of the oscillation. The phenomenon of 'dynamic stall' takes place. During part of the oscillation the flow remains attached resulting in a coherent tip vortex (well organized) whereas at other times the flow is separated resulting is a weak and diffused tip vortex.
Difference between pitch-up and pitch-down states in the cycle has also been noted in both [12] and [13] that reported results for periodically oscillated airfoil. In [12] measurements were carried out with the airfoil oscillated at k=0.1 and  =10±5, while in [13] data were reported for k=0.18 and  =14±6. Small differences in pitch-up versus pitch-down motions can be seen in the data of [13] (their Fig. 5) ; the vortex core appears to be better organized during the pitch-up motion. However, in [12] a better organized vortex structure is clearly seen during pitch-down (their Fig. 4) , in contrast to the current observation. It appears that this opposite trend is simply a matter of phase lag between events over the airfoil and that noted at the measurement station. Whether the vortex is seen more organized during pitch-up or pitch-down depends on the distance of the observation location, the phase-speed as well as the oscillation frequency. This effect is further illustrated with the flow visualization pictures in Fig. 19 . Pairs of pictures similar to those in Fig. 16 are presented for two other values of k. For each k, data are shown for two different . At the lower frequency (k=0.08 in (a)), the vortex is more organized during pitch-down (opposite to that seen in Fig. 16 ). At the higher frequency (k=0.33 in (b)), the patterns are quite different between the two directions of motion; a clearer tip vortex might be visible during the pitch-up.
Returning to Figs. 17 and 18, note that the time-averaged data under the oscillation ('time-ave 1510') is also shown. This would be the distribution if all the phase-locked distributions were summed and averaged. In addition, the stationary case data at the mean  ('time-ave 150') are also shown for comparison. A distinct tip vortex structure is seen even under the oscillation, in the time-averaged flow. The velocity deficit is more pronounced relative to the stationary case; it is as if this distribution is weighted more by conditions at larger  values. The oscillation has resulted in a lower  X -peak relative to the stationary case. As indicated before, detailed phase-averaged data have also been acquired for other oscillation frequencies and amplitudes. These are not included here for brevity. A NASA Technical Memorandum (TM) is planned for the future that will include a selected few of those cases as well as all data covered in this paper, with accompanying digital data for easy retrieval. It is hoped that these experimental results will be useful in future numerical simulation efforts. Further experimental studies in the future are also contemplated to address factors dictating the complex behavior such as noted with regards to the velocity deficit in the core, as well as to study tip vortex characteristics with models simulating more complex flows.
Conclusions
The main inferences are enumerated as follows. (1) Streamwise vorticity ( X ) is a superior descriptor of the tip vortex although mean velocity or turbulence intensity also identifies its location and overall shape. (2) For the present conditions, the vortex is laminar until about =16° but becomes turbulent at higher. The transition is accompanied by a sharp rise in the turbulence intensity in the vortex core, while both peak vorticity and the axial mean velocity within the core go through sharp drops in magnitudes. (3) With increasing , peak vorticity within the core reaches a maximum at about =10, stays constant over a range, and then drops off around  =16 when transition occurs. (4) For all instances examined, the vortex core is characterized by a mean velocity deficit (i.e., a 'wake-like' rather than a 'jet-like' profile). 
